Measurements of the ∆E-effect and magnetomechanical damping are reported for crystalline pure nickel under several states of internal stresses. The different internal stresses are obtained by means of a wide variety of heat treatments and studied via microscopic examination and measurement. The influence of the heating temperature, the heating time and the cooling method on the magnetoelastic properties is studied. Our results make it possible to select the most suitable heat treatment for each application and to optimize the magnetoelastic response of nickel. Relative variations from 2% to 13% can be obtained in the ∆E-effect, whereas relative variations from 40.0% to 99.9% are possible in magnetomechanical damping, in terms of specific damping capacity.
. In this broad category, well described by Jiles in [2] , we can find both magnetoelastic materials, in which the variation of the altered properties is reversible, and magnetic shape memory alloys (or magnetoplastic materials for symmetry in nomenclature), which do not necessarily recover their initial state simply on removal of the magnetic or mechanical action. These effects receive an increasing topical interest as demonstrated by the evolution of the number of publications dealing with magnetoelasticity [1] .
Some crystalline pure nickel results about ∆E-effect and magnetomechanical damping were previously published in our recent work [3] , where nickel clearly stands out from the rest of classical ferromagnetic materials like iron and cobalt. Now, in this article we want to complete said work including further information about the way in which nickel may become a valuable smart material for some applications and to establish a better understanding of the influence of internal stresses on its magnetoelastic effects.
Unlike amorphous materials, crystalline materials show small magnetoelastic effects due to crystal anisotropy, but such effects may have a significant influence on acousto-elastic measurements and on the performance of magnetic materials [4] . Furthermore, the fact that variations in the internal stresses of crystalline materials (and of amorphous materials also) may maximize their magnetoelastic behaviour has been widely proven [5, 6, 7] . In this work two salient magnetoelastic effects will be measured: the dependence of both elastic modulus and damping on the applied magnetic field, i.e., the so-called ∆E-effect, and magnetomechanical damping (or ∆Ψ-effect for symmetry in nomenclature).
The motivation for the study presented here is threefold. First, to shed some light on the huge disparity of experimental results in the literature related to field-dependent elastic modulus and damping in nickel, even when the measurement method applied is the same, as demonstrated in [8] . Second, to exploit the fact that these tests provide a wealth of direct and indirect information (related to anisotropy, domain structure and internal stresses) [9, 10] . And third, to explore the potential application of nickel specimens, after a suitable process of property optimization, to the field of passive or active vibration isolation [11] or to other fields such as, for instance, the development of sensors and actuators.
Regarding the disparity of results, previous studies have been carried out in nickel by Chicharro et al. [7] , but they only measured ∆E-effects and their results were less accurate, less extensive and less detailed. In this work we use a recently developed experimental system based on laser doppler vibrom-etry (LDV) which has proven its flair for estimating the variables with high accuracy, resolution and with the capability of including stress-dependence and path-dependence studies [12] . Regarding the wealth of information of these effects, we provide an extensive and accurate list of quantitative measures, considering not only field-dependencies but also path-dependencies. Finally, regarding the potential applications of nickel, thanks to our detailed research regarding grain size and internal stresses we will show the most suitable thermal treatment to optimize the material and make it competitive in some applications with respect to other more common magnetoelastic materials such as Terfenol-D.
On the other hand, the behavior of an isotropic soft magnetic material in a low field will depend essentially on the internal stresses σ i . Applying the magnetoelastic energy density theory associated with the internal (σ i ) and applied (σ) stresses, and assuming a random distribution of the orientation of the internal stresses, it is found that the apparent Young's modulus E is [13] 1
Expression 4 shows that for a soft magnetic material in a demagnetized state, the Young's modulus is markedly dependent on internal stresses. Thus, at the demagnetized state, the magnetoelastic strain of the material cannot be neglected. In this situation the Young's modulus may be written as:
In short, the apparent Young's modulus (E) in the low magnetic field range or in the demagnetized state differs from that predicted by Hook's law (E 0 ). This difference, E 0 − E, gives rise to what is known as the ∆E-effect, which is defined in terms of the ratio:
When the material is not saturated but only subjected to a magnetic field H, the ∆E-effect is defined as:
In view of Eq. 4, as the internal stresses increase in a demagnetized magnetic material, the Young's modulus tends to that given by Hooke's law (E ≈ E 0 ). Thus, for large internal stresses, the ∆E-effect given by Eq. 6 is very small. ∆Ψ-effect may be defined in a similar fashion. In the case of ferromagnetic materials, damping can be expressed by the superposition of three terms corresponding to three different dissipation mechanisms: macroscopic eddy current (Ψ Me ), microscopic eddy currents (Ψ me ), and magnetomechanical hysteresis (Ψ h ) [13, 14] . Since the first two terms only show a significant influence for frequencies on the order of 300 kHz or higher [13] , the total damping will be given by the sole contribution of the last term. It represents the energy that is transformed into heat due to the movement of domain boundaries constantly seeking minimum energy positions when a cyclic magnetic or stress fields are applied [15] . Bozorth, in [13] , gathered enough evidence that the magnetomechanical hysteresis is markedly dependent on stress state.
In what follows, we will refer to magnetomechanical damping simply as Ψ, and the damping capacity for a specific applied magnetic field and a specific applied stress level will be referred to as Ψ H,σ . This lets us describe the ∆Ψ-effect for a constant applied stress σ in terms of the ratio
Ψ d,σ and Ψ s,σ being the demagnetized and saturated specific damping capacities for an applied stress level σ, respectively. Many studies have been carried out in order to understand the relation between magnetomechanical damping and internal stress level [13] , but unlike the case of the ∆E-effect, these studies show the dependence is more complex and the results are not as straightforward.
Experimental details
Pure crystalline rods of nickel 201, all from the same molten material and manufacturing process, were used in this work. Their purity level, sizes and other relevant magnetic data can be found in Table 1 .
An excellent summary of the methods used to measure magnetoelastic effects on modulus and damping is given by Squire in [16] . Basically, we can highlight the vibrating reed method [17, 18] and the resonance-antiresonance method [19] , both of them compared by Barandiarán et al. and Malkinski in [20] and [21] , respectively. Chicharro et al. in [22, 23, 24] also developed a method for testing both effects by means of heterodyne-speckle interferometry, but it has significant drawbacks such as the fact that it is unsensitive to stress-dependence and that it shows low resolution and accuracy.
In view of these limitations, a very recent experimental system based on laser Doppler vibrometry and developed by Morales et al. [12] turns out to be the most suitable method for measuring ∆E-and ∆Ψ-effects: not only is it able to measure both effects simultaneously and accurately, but it also allows us to easily obtain stress-dependence and path-dependence. The main details of this experimental method are given in [12] . Some minor features were later enhanced in [3] , where the field-dependent elastic modulus and damping in pure iron, nickel and cobalt were measured.
The different heat treatments are achieved by modifying three main parameters: the heating temperature, the heating time and the cooling method. The heating temperature is the temperature within the furnace: it must be higher than the Curie temperature in order to make the magnetic domains disappear, and also higher than the recrystallization temperature so that the grain size changes. The heating time is the time that the specimens will remain inside the furnace at the heating temperature (they are put in the furnace once it is at the desired temperature). Finally, the cooling method refers to the way in which the specimens are cooled down to room temperature, which highly affects the final microstructure of the crystalline solid.
The selection of parameters for our scheduled heat treatments was made in accordance with the recommendations found in [25] for nickel specimens. In particular, three different heating temperatures were selected in relation to three different treatments: annealing (705
• C -1205
• C), designed to produce a recrystallized grain structure and softening in work-hardened alloys; stress relieving (425
• C -870
• C), used to remove or reduce stresses in workhardened non-age-hardenable alloys without producing a recrystallized grain structure; and stress equalizing (230
• C -315 • C), used to balance stresses in cold-worked materials without an appreciable decrease in the mechanical strength. Furthermore, although [25] only considers two cooling methods, air cooled and water quenched, and heating times between 1 and 6 hours, we also tested a very low cooling velocity inside the furnace along 24 hours and heating time of 8 hours in order to consider a wider range of possibilities. Table 2 shows a detailed summary of heat treatments. The specimen names begin with three digits which represent the heating temperature in Celsius, followed by two digits which indicate the heating time in hours and one letter which refers to the cooling method ("W" for water, "A" for air and "F" for furnace). The initial state of the nickel specimens will be labelled "AR" (as received).
Apart from field-dependence, other influences that must not be overlooked are stress-dependence and path-dependence. On the one hand, it is proven that the former has a minute influence when the range of stresses is that of the experimental set-up used in this study (below 1 MPa) [12] . Thus, to ease the understanding of the influence of internal stresses, only the measurements corresponding to 0.50 MPa will be reported. On the other hand, path-dependence has been demonstrated to be significant in pure nickel [12] , so this effect will be considered by magnetizing the samples following three different magnetization paths: from the state of zero retentivity (M 
Results and discussion

Microscopic analysis of grain size
The scheduled heat treatments were carried out in a Carbolite Eurotherm 2416 furnace. Along with each specimen a short portion of nickel of the same diameter was subjected to the same process in order to perform a microscopic examination. The preparation procedure for microscopic examination of the specimens was made in accordance to [26] . In particular, the specimens were cut to a convenient size with a precision Struers Secotom-10 saw, then mounted in a hard epoxy resin with a fully automatic Struers LaboPress-3 mounting press and finally ground and polished in an automatic Struers TegraSystem machine (TegraPol-15 and TegraForce-1) until the surfaces were free of scratches. The etchant applied to the surfaces was a fresh solution of one part HNO 3 and one part acetic acid (glacial), which is recommended for revealing grain boundaries in nickel 201. For the microscopic examination, the equipment used was a Leica DM IRM inverted research microscope with a Leica DFC 480 high performance digital FireWire camera system which allowed to obtain micrographies and estimations of the grain size. Figure 2 shows the micrographies for specimens AR, 300-02-A, 600-02-A and 900-02-A. On the one hand, specimens 300-02-A and 600-02-A show a grain size similar to that of specimen AR, which agrees with the fact that stress relieving and stress equalizing heat treatments reduce and balance stresses without producing a recrystallized grain structure. On the other hand, 900-02-A clearly shows larger grains which will translate into lower internal stresses as in annealing treatments. Table 3 shows the measurements of grain perimeter and grain area. Three main different distributions where found: small grains, with a perimeter lower than 1000 µm; medium grains, with a perimeter between 1000 µm and 3000 µm; and large grains, with a perimeter greater than 3000 µm. Specimens AR, 300-02-W and 300-02-A only contain small grains, although perimeters and areas increase slightly when the specimens have been heated. Specimens 600-02-W and 600-02-A show small grains mainly although medium grains are not uncommon. Finally, all specimens heated to 900
• C show large distributions of medium and large grains due to recrystallization, whereas small grains tend to disappear (a significant distribution of small grains around the centre of the section can be found only in the case of a heating time of 2 hours). In general, the grain size increases with heating time and decreases with cooling velocity.
Internal stress analysis
Internal or residual stress is an extrinsic property which cannot be measured directly but through the previous measurement of an intrinsic property of the material. In this work, the residual stresses of the specimens have been determined by means of X-Ray diffraction, which allows us to measure the strain in the crystalline lattice.
X-Ray diffraction techniques can be used to determine both macroscopic (homogeneous) and microscopic (inhomogeneous) residual stresses [27, 28] . Macrostresses, which extend over large ranges compared to the dimensions of the crystals in the material, are determined from the shift in the position of the diffraction peak. Microstresses, which extend over distances of the order of the unit cell, cannot be directly measured individually but can be quantified in aggregate from the broadening of the diffraction peak which they produce.
Cold-work, plastic strains or heat treatments involve microresidual stresses and lead to the accumulation of a residual dislocation network, producing inhomogeneous strain and an irreversible broadening of the Bragg peaks in X-Ray diffraction. Since this work deals with the residual stresses induced by heat treatments, only inhomogeneous stresses are studied via the mentioned peak broadening analysis.
Strictly speaking, we have used the Williamson-Hall method [27] , which has proven its validity to estimate residual microstresses remaining in materials after heat treatments [28, 29, 30] . The X-Ray diffraction profiles have been recorded using a PHILIPS X'Pert MPD X-Ray diffractometer with CuKa radiation (wavelength λ = 1.5405Å) and varying the angle of diffraction from 40 o to 100 o with a scan step of 0.04 o and a time per step of 5 seconds. WinPLOTR c software allowed us to obtain the integral breadth of several reflections as a measure of the peak width. The strain calculated using WinPLOTR c is the so-called maximum strain. Internal stresses obtained from the Williamson-Hall plots are gathered in Table 3 .
In view of the results, which are in good agreement with what one would expect given the heat treatments carried out, we can distinguish three different ranges of residual stresses:
i High residual stresses (over 500 MPa). These values are shown by the specimens which were subjected to stress equalizing (230 • C -315 • C and air or furnace cooling [25] ). Water quenching was also tested obtaining, as expected, the highest value. ii Medium residual stresses (between 300 MPa and 500 MPa). These values correspond to the AR specimen and to those which have been subjected to stress relieving treatments (425 • C -870 • C and air or furnace cooling [25] ). As the name of the treatment indicates, a small stress reduction is achieved.
iii Low residual stresses (below 300 MPa). These values are shown by samples that have been subjected to annealing processes (705 • C -1205 • C and air or furnace cooling [25] ). In these cases, a high reduction of internal stresses is achieved. Nevertheless, if water quenching is applied, the internal stresses jump into a level of medium stresses.
Magnetic data analysis
Hysteresis loops and magnetic data of the most representative specimens were measured. In particular, Table 4 shows the results referred to saturation magnetization (M s ), retentivity (M r ) and coercitivity (H c ). These measurements along with those provided in previous section 4.2 suggest that a correlation between internal stresses and magnetic data exists. It may be seen that, in general, the lower the internal stress, the higher the saturation magnetization, which may be the cause for the slight variations in the saturated state of both the ∆E-and ∆Ψ-effects. However, this fact is neither clear nor certain because one may also ascribe the small variations of the saturation magnetization to other magnetic influences.
∆E-and ∆Ψ-effects
The results corresponding to the ∆E-and ∆Ψ-effects of the 14 nickel specimens considered show similarities which can be summarized in three different patterns which are depicted in Figure 3 and explained next.
i Pattern I is shown by specimen AR and all those cooled down in water, that is, those with medium and high internal stresses apart from specimens 300-02-A and 600-02-A, which show a slightly different behaviour. In this pattern, the three curves of damping corresponding to the three different magnetization paths have a single peak and the curve from the state of negative retentivity (M − r −M + s ) shows a trough before converging to the other two curves which may be due to magnetic domains quickly flipping their initial opposite orientations. This latter fact is also mildly shown in the curves of elastic modulus. It is important to note that specimens 900-02-W, 900-04-W and 900-08-W show an early and minute peak because of processes of grain recrystallization and the consequent reduction of internal stress, making them similar to pattern III. ii Pattern II is shown by the previously mentioned 300-02-A and 600-02-A specimens. It is very similar to pattern I but, the curves of damping corresponding to the magnetization paths M show two peaks and a trough, which may be explained by the existence of two types of domain motion which become activated and saturated at different energy levels. These two magnetization paths also generate equal elastic modulus curves but, in this case, they do not show any remarkable behaviour. iii Pattern III is shown by the specimens which were heated up to 900
• C and slowly cooled down in air or inside the furnace, so they present a very low level of internal stresses. In particular, they show curves with a very high damping value which quickly start to decrease until saturation without intermediate peaks. The elastic modulus curves for the three different magnetization paths show much lesser differences than in other patterns. Figure 4 shows the influence of the heating time on ∆E-and ∆Ψ-effects. We have plotted the results corresponding to the magnetization path M 0 r − M + s of specimens 900-02-A, 900-04-A and 900-08-A. It can be conclude that the longer the specimen stays in the furnace at the heating temperature, the lower the ∆E-and ∆Ψ-effects are. Nevertheless, the influence of this parameter is not very significant. Figure 5 shows the influence of the cooling method on ∆E-and ∆Ψ-effects. In this case we have plotted the results corresponding to the magnetization path M 0 r − M + s of specimens 900-02-F, 900-02-A and 900-02-W. On the one hand, when the cooling velocity is low, as in the case of air and furnace cooling, both ∆E-and ∆Ψ-effects are almost independent of the cooling method. In fact, cooling inside the furnace for 24 hours provides better results, but the differences are so minute that this method is not worth the time it takes. On the other hand, water quenching leads to a reduction of both ∆E-and ∆Ψ-effects since their value at demagnetized state becomes greatly modified: from 200 GPa to 213 GPa in the case of the elastic modulus, and from 30% to 1.5% in the case of the specific damping capacity. Figure 6 shows the influence of the heating temperature on ∆E-and ∆Ψ-effects. The curves plotted correspond to specimens 300-02-A, 600-02-A and 900-02-A following the magnetization path M 0 r − M + s . Regarding the ∆E-effect, when the heating temperature is 900
• C the values of the elastic modulus at demagnetized and saturated states become lower and higher, respectively, in comparison to the curves corresponding to the other heating temperatures. Thus, a greater ∆E-effect is obtained. Regarding the ∆Ψ-effect, the curve corresponding to a heating temperature of 900
• C is again different: its value at the saturated state is the same but its value at the demagnetized state is about two orders of magnitude greater (up to 350 times greater). Figure 7 shows the influence of the negative remanence on the ∆Ψ-effect. This influence consists in the appearance of a trough at low magnetic field levels when the material had a magnetic retentivity in the opposite direction. When this occurs, the magnetic domains ought to flip quickly in order to align with the new direction of the applied magnetic field, and then the curves converge. In this case we have not plotted the curves of Young's modulus because this influence is better noticed in the ∆Ψ-effect. In particular, we show the curves of specific damping capacity corresponding to the magnetization path M − r − M + s of specimens AR, 300-02-W and 600-02-W, which are the only ones which show this influence. Specimens 900-02-W, 900-04-W and 900-08-W also follow the same pattern I, but their internal stresses are not high enough to show the influence. In fact, the lower the internal stress, the weaker the trough. Tables 5, 6 and 7 gather the quantitative results of all specimens tested for the three different magnetization paths. These values are in good agreement with other results in the literature. For the Young's modulus two main works can be used as reference: [8] , which gathers measurements from many other researchers, and [7] , which is specially convenient since it provides results for nickel specimens from the same molten material and manufacturing process as ours. Thus, on the one hand, we can find in [8] estimations of elastic mod-ulus between 190 GPa and 210 GPa at demagnetized state and between 215 GPa and 230 GPa at saturation state, these intervals being clearly in accordance with our results; on the other hand, in [7] we find results in even better agreement with ours, but our results provide a more detailed description of the trend of the curves with a thinner mesh of measured points. For the second magnitude studied, the specific damping capacity, we will refer only to [31] , where magnetomechanical damping in pure nickel is studied (though for higher levels of stress), because [7] , despite the fact that the same rods of nickel and similar heat treatments were used, does not provide results for damping. Thus, after extrapolating results below 1 MPa, [31] predicts values of damping for two specimens: one specimen "cold rolled", with values at demagnetized and saturated states of 0.30% and 0.07%, respectively, which fit our results for specimen "AR"; and one "annealed" specimen, with values at demagnetized and saturated states around 25% and below 0.5%, respectively, which are very similar to our results for the specimens heated to 900
• C and slowly cooled in air or inside the furnace.
The uncertainties shown in the tables were calculated following ISO recommendations [32] , with both type A and type B uncertainties taken into account. Type A uncertainty stems from the statistical averaging of the 4 replicates for each point characterized. Type B uncertainty is related to the equipment and material constants.
Discussion
In the previous sections we have shown the way in which field-dependent elastic modulus and damping in crystalline pure nickel may be altered via heat treatments. The results can guide us in selecting the most suitable heat treatment in order to make nickel show the smart properties we desire.
As far as elastic modulus is concerned, we can conclude that the lower the internal stress, the higher the ∆E-effect: the elastic modulus at demagnetized state becomes lower in accordance to Eq. 4 whilst the elastic modulus at saturated state becomes slightly higher because of the increase in the saturation magnetization. The best result, 13% variation, was obtained when using furnace cooling and 2 hours of heating time, but our tests point out that any other annealing process involving different heating times or slow cooling methods can also be used with similar results (between 10% and 12% variations).
The influence of internal stresses in magnetomechanical damping of nickel is more complicated since not only the difference between the demagnetized and saturated states can be modified, but also the trend of damping as a function of applied field. Thus, the required heat treatment will depend on the effect we are looking for. If we are interested in the maximum total ∆Ψ-effect, almost a 99% reduction of damping can be achieved via any annealing process with slow cooling. If we are interested in the highest value at demagnetized state, we would use annealing processes which involve slow cooling methods and low heating times (the case of 900-02-F and 900-02-A specimens, for instance) with which a specific damping capacity of about 0.35 is obtained. Finally, low ratios of ∆Ψ-effect can also be achieved, but depending on internal stresses and heat treatment we will find one or even two damping peaks along the field-dependent magnetomechanical damping curve.
From the point of view of smart materials for their use in vibration isolation or vibration control, high ∆E-and ∆Ψ-effects are desirable in order to be able to obtain large variations in applied forces, natural frequencies and damping ratios. Under these circumstances, annealing processes with slow cooling methods, particularly those represented by samples 900-02-F or 900-02-A, are the most suitable treatments because they allow us optimize both effects at the same time. In addition, with these methods we obtain the highest structural damping at demagnetized state which is useful for vibration isolation.
Conclusions
Field-dependent Young's modulus and damping (∆E-and ∆Ψ-effects, respectively) in pure nickel for different states of internal stresses have been characterized. Qualitative trends have been described and many quantitative results have been provided, most of them never measured before with equivalent accuracy and detail. The figures and data provide useful information regarding internal stresses of crystalline pure nickel and enhance the information available for its applications as smart materials in science and engineering.
The different states of internal stresses were obtained by means of different heat treatments, which influence the microscopic structure of the material. The grain size (in terms of perimeter and area) and the internal stress of the specimens treated were measured.
Regarding the parameters which describe the different heat treatments, their influence on the ∆E-and ∆Ψ-effects was studied in order to be able to select the optimal treatment for each application. The heating time seems to be a negligible parameter while the heating temperature and the cooling method are critical. More specifically, the lower the internal stress is, the greater the ∆E-and ∆Ψ-effects are. This can be obtained by means of selecting a high temperature above the recrystallization temperature (900
• C for instance) and a slow cooling method (air or furnace).
Three different patterns of ∆E-and ∆Ψ-effects were found. This highlights the great influence of internal stresses on magnetic domain motion. The patterns are mainly distinguished by the different number of damping peaks that are found between the demagnetized and saturated states: pattern I shows one damping peak and a possible initial trough when magnetization path M − r − M + s is followed; pattern II is very similar to pattern I but shows two damping peaks instead of one; and pattern III shows no damping peak and the initial value at demagnetized state increases up to two orders of magnitude in comparison to the other patterns.
Finally, a summarizing table of results has been provided and the consistency of these values was proven, as far as possible, by comparing them to results in the literature. The minimum relative variation between demagnetized and saturated states in the ∆E-effect is 2.08% and the highest is 13.17%; whereas he minimum and maximum relative variations in the ∆Ψ-effect are -41.67% and -99.91%, respectively, and the absolute value at demagnetized state can vary within an enormous interval between 0.0012 and 0.3510. Tables   Table 1: Specimen properties.  Table 2 : Heat treatments. Table 3 : Microscopic measurements and internal stresses. Table 4 : Magnetic data. Table 5 
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